A. DNA isolation and purification. All samples from each subject were processed in the same batch to control for inter-run variation in lysis and purification. The combined chemical and mechanical lysis was performed as follows: Swab samples were thawed at 4°C and 100μl of swab eluent from each sample was transferred to pre-labeled PCT MicroTube (Pressure Bioscience, Inc., South Easton, MA, USA) containing 50μl of RLT lysis buffer (Qiagen, Valencia, CA, USA) and capped with a 150μl PCT MicroCap (Pressure Bioscience, Inc.). Each capped MicroTube was loaded onto the MicroTube holder and undergo mechanical lysis on the Barocycler NEP 3229 instrument (Pressure Bioscience, Inc.) using the following pressure cycling conditions at 25°C: increase pressure to 35,000 pounds per square inch (psi) for 15 seconds, then decrease to 14·696 psi for 15 seconds and repeat for 19 more cycles. The lysate was added to 550μl of RLT lysis buffer and purified using the AllPrep DNA/RNA Mini Kit following manufacturer's instructions. DNA elution was performed with 100μl of Buffer EB. The purified DNA was used in subsequent qPCR and pyrosequencing analysis.
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BIOINFORMATICS METHODOLOGICAL DETAILS
A. Chimeric sequence removal. We first converted the standard flowgram format (SFF) files into fasta sequence and quality files using a combination of in-house Perl-based wrappers and the 454 Sequencing System Software 1. Next, we identified chimeric sequences de novo using U-Search's cluster utility (U-Search version 5·0·144) and U-Chime at the 99% threshold (25, 26) . Only nonchimeric sequences were included in subsequent analysis.
B. Sequence barcode removal, binning, and quality filtering. We next assigned each pyrosequence to its original sample and scanned for primer sequence using a QIIME utility (27) . Pyrosequences without valid barcode or primer were excluded. We filtered the demultiplexed pyrosequences based on: a) length (150bp -920bp), b) number of degenerate bases (a maximum of six), c) mean quality score (a lower threshold of 25), and d) homopolymer length (a maximum consecutive run of six). Lastly, we trimmed each sequence based on quality using a sliding window of 50bp and a quality score threshold of 25.
C. Taxonomic Classification. The resultant demultiplexed and quality-checked 16S rRNA gene sequences were classified at each taxonomic level (i.e., phylum, class, order, family, genus) at ≥80% bootstrap confidence level using a web service for the Naïve Bayesian Classifier (RDP Release 10, Update 28) (28) . Sequences classified at <80% bootstrap confidence level are reported with the assigned taxon and a "CI<0.80" notation. The taxonomic classifications assigned to the sequences through the RDP Classifier fall into the modern high-order bacterial proposed by Garrity et. al (29) . A total of 327,716 bacterial 16S rRNA gene sequences were obtained and classified. Classification results for each sample are enumerated to generate an abundance-based matrix for data analysis. Bacterial taxa that comprised 0.2% of total sequences were included in subsequent analysis. D. Species classifier development and validation. The Naïve-Bayesian RDP Classifier is one of the current gold standards for high-throughput classification of bacteria l6S rRNA gene sequences; however, at this time, it does not provide species level classification, which limits our ability to examine Staphylococcus and of other nasal taxa at the species-level, if sufficient resolution exists. In order to achieve this, we re-built the RDP Classifier with an external taxonomy and curated sequences, with the particular goal of improving Staphylococcus species resolution because it is of major ecological importance in the nasal cavity.
Thus, we developed a pipeline that will read an external taxonomy, create a database to maintain the taxonomic information, build training files from the database solution, re-train the RDP Classifier, and generate classifications for a set of query sequences. The general workflow is depicted below: D1. Training set curation. Fundamental to the entire process mentioned above is the acquisition of a training set, which can be used as a model for generating taxonomic classifications. Staphylococcus sequences that are missing or underrepresented in our training set may be assigned incorrectly or with low confidence level. Greengenes and RDP Staphylococcus sequences were used as the core of our training set (28, 30) and our curation is ongoing.
Overview of species-level classifier pipeline
D1a. Greengenes. The majority of the training set is comprised of sequences from the Greengenes taxonomy. While trying to build raw training files (described in the section titled "Creating Raw Training Files"), it became apparent that polyphyletic groups exist in the current Greengenes taxonomy. Re-training the RDP Classifier was not possible until these groups were either resolved, or removed from the taxonomy. Our approach to overcoming this obstacle was to insert the polyphyletic taxonomy into a database, and then build training files from the database solution such that a given sequence's membership in a polyphyletic group is clearly indicated.
A taxon is considered polyphyletic if it has more than one parent. Consider the two lineage strings below: D1b. Ribosomal Database Project. A set of training sequences was also acquired from the RDP project. This set is comprised of solely of type strains assigned to the genus Staphylococcus to increase the confidence of species-level assignment. The RDP sequence set underwent chimera check using UCHIME (26).
D2. Database Design. To facilitate efficient maintenance of and access to the taxonomy, a relational database solution was implemented. In order to optimize efficient querying of the database, reduce space consumption, and to eliminate redundant entries within the database, a table for each rank was implemented; the consequence of this is that it is only necessary to insert a specific taxon once. Synonym tables were added to facilitate querying of the database in a manner that allowed membership in a polyphyletic group to be reflected in the resulting training files. The database design is provided in the diagram attached with this document:
To insert sequences into the database, the insert_taxonomy.py is utilized: The RDP Classifier training requires two raw training files as inputs: a taxonomy tree file containing the hierarchical taxonomy information, and a sequence file with lineage strings included in the headers. Both of these files are created with the create_raw_training_files.py script, which performs the following steps: 1. Modify/parse the taxonomy, 2. Modify/parse the sequence file, 3. Create the raw taxonomy tree file, and 4. Generate the updated sequence file. In order to run this script, the following command must be executed: python create_raw_training_files.py <taxonomy_file> <sequence_file> <output_raw_taxonomy_file> <output_raw_seq_file> Argument Explanation: * <taxonomy_file> -The file generated by build_taxonomy.py containing sequence ids and associated lineage strings * <sequence_file> -The fasta file generated by build_taxonomy.py containing all the training sequences * <output_raw_taxonomy_file> -Output file containing hierarchical taxonomy tree * <output_raw_seq_file> -Output sequence file with lineage included in the headers D4. Modifying the Taxonomy. A hierarchical taxonomy tree file will be generated as the output; however, for the tree to be valid, certain modifications to the taxonomy must be made. It is a strict requirement that all sequences in the taxonomy must not only have names for all ranks, but they must also all be classified down to the same level. Consider the sequence 152262, which has a lineage of: create_raw_training_files.py modifies the taxonomy, and then generates the hierarchical taxonomy tree file from the revised taxonomy. The format for the taxonomy tree is depicted below: taxid*taxon name*parent taxid*depth*rank taxid, the parent taxid, and depth should be in integer format. depth indicates the depth from the root taxon. An example tree is given below:
1*Bacteria*0*0*domain 765*Firmicutes*1*1*phylum 766*Clostridia*765*2*class 767*Clostridiales*766*3*order 768*Clostridiaceae*767*4*family 769*Clostridium*768*5*genus 160*Proteobacteria*1*1*phylum 433*Gammaproteobacteria*160*2*class 586*Vibrionales*433*3*order 587*Vibrionaceae*586*4*family 588*Vibrio*587*5*genus 592*Photobacterium*587*5*genus 552*Pseudomonadales*433*3*order 553*Pseudomonadaceae*552*4*family 554*Pseudomonas*553*5*genus 604*Enterobacteriales*433*3*order 605*Enterobacteriaceae*604*4*family 617*Enterobacter*605*5*genus 161*Alphaproteobacteria*160*2*class 260*Rhizobiales*161*3*order 261*Rhizobiaceae*260*4*family 262*Rhizobium*261*5*genus D7. Re-training the RDP Classifier. To re-train the classifier, it is necessary to create parsed training files from the raw training data. Assuming the two raw files are created in mydir/mydata: mytaxon.txt and mytrainseq.fasta, the user will need to run the command to create parsed training files: After this is accomplished, the rRNAClassifier.properties file (found with the RDP source code) needs to be copied into the directory containing the files mentioned above. Effectively, these files will serve as the model from which classifications will be generated.
D8. Generating Classifications. To classify sequences, the user can either choose to execute the RDP Classifier source code by itself, or to use the species_classification_generator.py script. To execute the RDP Source Code, the user will need to execute the following command: D10a. Initial Testing. All sequences from Staphylococcus epidermidis and Staphylococcus aureus from the training set were compiled into two groups. Each set of sequences was classified using the re-trained classifier. Initial statistical analyses indicated that 23% of the S. aureus, and 50% of the S. epidermidis sequences were assigned incorrectly at the species level using full set.
Species
Correctly E. Additional analysis of Staphylococcus sequences. For sequences that were assigned to Staphylococcus but had species assignment at <0.80 confidence level, we dereplicated the sequences at 97% similarity threshold using UCHIME, then manually extracted representative sequences of each cluster from the dereplication, verified if they were S. aureus using BLAST. This showed that sequences assigned to S. aureus < 0.80 and S. auricularis < 0.80 were S. aureus, which we included as S. aureus sequences in subsequent analysis.
NASAL MICROBIOME ANALYSES

DEFINITIONS AND METRICS
Nasal community state type (i.e., nasal CST): The major nasal microbiota profiles, as identified by hierarchal clustering.
Nasal bacterial density: The amount of nasal bacteria present in an individual's nasal cavity, which in this study was estimated based on the total number of 16S rRNA gene copies detected per swab.
Prevalence: The proportion of study population found to have a variable of interest, such as a particular nasal CST or nasal bacterial taxon.
Proportional abundance: Proportion of an individual's nasal microbiota comprised a specific nasal bacterial taxon. Using the taxonomically-classified sequence data, we calculated the proportional abundance for each nasal bacterial taxon as: (Number of sequences assigned to the taxon from the sample)/(Total number of sequences from the sample).
Absolute abundance: The counts of a specific nasal bacterial taxon comprising an individual's nasal microbiota. We combined proportional abundance with nasal bacterial density to calculate taxon absolute abundance as: (Proportional abundance of the taxon from the sample) x (nasal bacterial density of the sample).
Nasal microbiota composition: An individual's nasal microbiota characterized by the nasal bacterial taxa present, reported in either proportional abundance or absolute abundance.
Presence/absence of S. aureus by sequencing: Detection of >= 2 sequences assigned to S. aureus is categorized as presence of S. aureus by sequencing, whereas singletons or no S. aureus sequences are categorized as absence. Detection of S. aureus by sequencing is affected by high total nasal bacterial density. S. aureus sequences may also be assigned incorrectly by our custom RDP species-level classifier if the S. aureus sequence type is missing or underrepresented in our training set.
Staphylococcus aureus absolute abundance: Absolute abundance of S. aureus is calculated as the product of nasal bacterial density and proportional abundance of S. aureus. The assessment of S. aureus by sequencing is affected by high total nasal bacterial density. S. aureus sequences may also be assigned incorrectly by our custom RDP species-level classifier if the S. aureus sequence type is missing or underrepresented in our training set.
ECOLOGICAL ANALYSES
1. Characterization of nasal bacterial density. We reported the range, median, and inter-quartile range of participants' nasal bacterial density, calculated using R (version 3.0.1) (19). Boxplots of nasal bacterial density for each nasal CST was also generated using R.
2. Assignment of nasal community state types. To identify community state types (CSTs), we used proportional abundance data (Euclidean distance) in hierarchal clustering by Ward linkage using cutree through an iterative process as previously described (31). Comparisons of the 6-, 7-, and 8-CST solutions revealed that seven-CST solution to be the most parsimonious and effective. Heatmap visualization was then generated using nasal microbiota composition (in proportional abundance) from each participant, grouped by nasal CST assignment ( Figure 1B) .
3. Identification of indicator taxa for nasal community state types. We identified the nasal bacterial taxa uniquely associated with each nasal CST using indicator analysis from the labdsv package (R package version 1.6-1) (22). The indicator species analysis is an objective assessment of a particular taxon's representation of an environment or a study group. A taxon's indicator value (IV) for a study group is determined based on its proportional abundance and prevalence in the given study group. The IV ranges from 0 to 1, with 0 as no indication to 1 as perfect indication. To test the null hypothesis of no difference between our observation and what can be observed by chance, IV null distributions were built by Monte Carlo procedure using 1,000 resampled datasets with randomized study group assignments. The P-value for each observed IV was determined based on its location within the null distribution and adjusted for false-discovery. A significance level of P = 0.10 was used and results are shown in Table S1 .
4. Association between host genetics and nasal microbiota composition. We assessed the correlation between nasal microbiota composition and host genetics based on nasal CST concordance in twin pairs and difference in pairwise ecological distance between twin types. We calculated the nasal CST concordance for monozygotic and dizygotic twin pairs, where a twin pair having identical nasal CST assignments marks concordance. We computed the pairwise ecological distance among all study participants based on the nasal microbiota composition (proportional abundance) in three distance metrics: Jaccard's, Bray-Curtis, and Euclidean. Using a bootstrap-based approach, we calculated the difference in pairwise distance in three experiments of 1,000 iterations: a) PairwiseDistMZ (Male or Female)-PairwiseDistDZ (Any Sex), b) PairwiseDistMZ (Male or Female)-PairwiseDistDZ (Same Sex), and c) PairwiseDistMZ (Male or Female)-PairwiseDistRandom pair (Same Sex). The correlation in twin pairs would be considered statistically significant if the bootstrapped 95% confidence interval of the difference in pairwise distance does not cross zero. Results are shown in Table S3 .
5. Visualization of nasal microbiota composition by nasal CST and for each twin type. We also visualized the overall nasal microbiota composition by nasal CST ( Figure 1C ) and for each twin type (Figure S1A-C) using proportional abundance data in Euclidean distance by non-metric multidimensional scaling (nMDS), which is a non-parametric ordination technique to reduce a highly multidimensional community composition data into a two-dimensional ordination plot. The nMDS ordination and visualization were generated using the vegan package (R package version 2.1-10) (21).
6. Association between host genetics and of nasal bacterial density. We assessed the correlation between nasal bacterial density and host genetics using intra-class correlation coefficient (ICC) in R. We determined correlation of nasal bacterial density (log10) for monozygotic twin pairs and dizygotic twin pairs based on sex-and age-adjusted ICC. The resultant ICC represents the fraction of total variance that is due to variation between groups, calculated using the pooled mean and standard deviation; consequently, the larger the ICC, the smaller the within-twin variation, and vice versa. The correlation in twin pairs was statistically significant if the 95% confidence interval of the ICC does not cross zero.
7. Heritability of nasal bacterial density. A standard biometrical heritability analysis was performed for nasal bacterial density in log10 to estimate the relative contribution of genetic and environmental factors. The twin study leverages the fact that monozygotic (MZ) twins share all their genes, whereas dizygotic (DZ) twins share approximately 50% of their genes as other types of siblings. As such, biometrical heritability analysis separates total phenotype variance (V) into four variance compartments: V = A + D + C + E, where A refers to additive genetic effects, D refers to genetics effects due to dominance, C refers to shared environmental effects, and E refers to non-shared environmental effects (32).
We could not simultaneously estimate the effects of D and C because they are confounded. Therefore, we fitted separate ACE and ADE models. We also fitted sub-models AE, DE, CE, and E, as the simpler models may sufficiently explain the data. We chose the non-nested model with the lowest Akike's Information Criteria (AIC), and we selected the most parsimonious nested model with χ 2 likelihood ratio p > 0.05. All analyses were performed using the R package mets: Analysis of Multivariate Event Times (version 0.2.6) (33).
After testing the assumptions of equal regression, intercept, and residual variance for twin 1 and twin 2 as well as for MZ and DZ twins, we found that the ADE model had the lowest AIC and that it could be further reduced to a AE model because of its lower log likelihood ratio; however, the AE model could not be reduced to an E model (Table S2 ). Taken together, our results showed both heritability and non-shared environmental influences on nasal bacterial density, with a smaller heritability effect (29.8%, 95%CI: 6%-54%) and a larger non-shared environmental effect (70.1%, 95%CI: 46%-94%).
Of note, the final and intermediate models, as shown in Table S4 included adjustment for sex and age. While age was not associated with nasal bacterial density and its inclusion had no significant impact on modeling outcome, sex emerged as a significant factor as reported in the main text.
8. Association between nasal bacterial density and host factors including sex. The median and quantile of nasal bacterial density by sex, history of atopic disease and psoriasis, and by current smoking status were calculated using R. We also plotted the nasal bacterial density (log10) as scattered plots with median ( Figure 3A) . Difference in nasal bacterial density based on each host factor was compared using two non-parametric tests: the Wilcoxon-ranked sum and Kolmogorov-Smirnov test, with a significance level of α = 0.05, with results as shown in Table S5 .
To determine if the significant sex difference in nasal bacterial density could be explained by CST prevalence, the nasal CST prevalence for men versus women is as shown in Table S2 , which we compared by χ 2 test. We further assessed if men and women have significantly different nasal bacterial density, irrespective of nasal CST using quasi-Poisson model comparing the outcome of nasal bacterial density, stratified by the seven nasal CSTs. Women with CST3 was used as the reference and the results are shown in Table S6 , which showed that men and women had significantly different nasal bacterial density even after adjusting for nasal CST.
9. Association of nasal bacterial density with microbiota composition: We compared the nasal bacterial density across CSTs by analysis of variance (ANOVA) in R and reported the median nasal bacterial density and interquartile range for each nasal CST in Table S2 . The significant difference in sex-adjusted nasal bacterial density across nasal CSTs can also be seen in Table S6. 10. Decision tree analysis: Using decision tree analysis with recursive partitioning and splitting by information criteria using the rpart package (24), a derivation model was built used a simulated population of 100 randomly-drawn (without replacement) individuals. Using the derivation set, two outcomes were determined: S. aureus presence/absence and S. aureus absolute abundance (log10) in five categories (Category 1-5). Among the nasal bacterial taxa detected, those significantly associated with S. aureus nasal colonization were incorporated in the derivation model, which included taxa with conflicting associations in earlier studies (6-10). The derivation decision tree model incorporated the absolute abundances (log10) of the following nasal taxa: Anaerococcus, Finegoldia, Peptoniphilus, Dolosigranulum, Corynebacterium, Unclassified Corynebacteriaceae, Propionibacterium acnes, Propionibacterium granulosum, Simonsiella < 0.80, Staphylococcus epidermidis (including <0.80), and Moraxella.
A model was derived for each outcome of interest and the branches were trimmed down to include only those with 10 or more individuals in each terminal node (except for Simonsiella<0.80, which was an early 2 nd node). A predicted outcome was assigned to each terminal node (i.e., as predicting either S. aureus presence or absence or as predicting a S. aureus absolute abundance category) ( Figures 3A and S3A) Validation test for the predicative thresholds was conducted using 10 additional simulated populations of 100 randomly-drawn (without replacement) individuals. The validation results were determined to support the initial model if the predicative thresholds produced results that are more similar to the predicted outcome than the underlying simulated population ( Figures 3B and  S3B-C) .
11. Correlation between S. aureus absolute abundance and culture outcome. We calculated S. aureus absolute abundance among non-CST1 individuals with S. aureus detectable by DNA sequencing. We divided these individuals into four categories based on ten-fold differences in S. aureus absolute abundance (<10 4 , 10 4 -<10 5 , 10 5 -<10 6 , 10 6 -10 7 ). We plotted the histograms of each S. aureus absolute abundance category in men and women ( Figure 3B ), which showed that women most often fell into to two lowest absolute abundance categories (<10 4 and 10 4 -<10 5 ) while men were more likely to have the middle two categories (10 4 -<10 5 and 10 5 -<10 6 ). The correlation between S. aureus nasal culture and S. aureus absolute abundance category was shown in Figure 3C . The relationship between S. aureus nasal culture (outcome) to other variables including S. aureus absolute abundance category, sex, history of atopic disease and psoriasis, and current smoking status was assessed using a multivariate linear regression model, which showed that sex was not a significant predictor of S. aureus culture outcome (P = 0.79), after adjusting for S. aureus absolute abundance category (P < 0.001), where the model indicated that with each ten-fold increase in S. aureus absolute abundance, the probability of having a positive S. aureus culture increases by 30.4% (F-statistic 7.19 on 68 degrees of freedom, Model P < 0.001).
SUPPLEMENTARY FIGURE LEGENDS
Figure S1A-C. Correlation of nasal microbiota composition among monozygotic and among same-sex and opposite-sex dizygotic twin pairs in non-metric multidimensional scaling (nMDS) ordination plots. In nMDS plots, each data point represents an individual's microbiota at one time point. Each twin pair is connected by a solid line, which showed that the nasal microbiota in monozygotic twin pairs (Fig. S1A) had low CST concordance, as same-sex ( Fig. S1B) and opposite-sex dizygotic twins (Fig. S1C) . Figure S2A-B . Rates of S. aureus nasal colonization by sequencing and by culture and S. aureus absolute abundance for the seven nasal CSTs. Rate of S. aureus nasal colonization varied across nasal CSTs as detected based on sequencing and by culture. In general, sequencing detection revealed higher S. aureus prevalence than culturing, except in CST2, where sequencing had lower sensitivity, most likely due to insufficient reads in the context of high total bacterial density (Fig.  S2A) . As shown by boxplots of S. aureus absolute abundance, CST1 and CST6 had the highest S. aureus absolute abundance, whereas CST5 had the lowest S. aureus absolute abundance. Absolute abundance of S. aureus can be divided into five categories, ranging from Category 1 (i.e., not detected) to Category 5 (i.e., 10 6 -10 7 S. aureus 16S rRNA gene absolute abundance). The S. aureus absolute abundance categories for the derivation group of 100 are as shown (Fig.  S3B) , which was used to build a model to predict S. aureus absolute abundance (Fig. S3A) . The model showed that the most informative split was a threshold of 1.2 x 10 6 Dolosigranulum 16S rRNA gene copies per swab, which predicted Category 1 (n = 21/25, 84.0%) (Node 1 Left).
Corynebacterium had a similarly negative relationship to S. aureus absolute abundance, where among individuals who had below-threshold abundance of Dolosigranulum and P. acnes, having ≥ 3.5 x 10 5 Corynebacterium predicts low S. aureus absolute abundance, i.e., Category 2 (Node 3 Left), whereas having < 3.5 x 10 5 Corynebacterium predicts high S. aureus absolute abundance, i.e., Category 5 (Node 3 Right). In contrast, absolute abundance of S. epidermidis and S. aureus were positively correlated among individuals with low Dolosigranulum and high P. acnes. Validation testing using 10 randomly drawn groups of 100 supported that threshold-based relationships between Dolosigranulum, P. acnes, S. epidermidis, Corynebacterium and S. aureus absolute abundance (Fig. 3C) . 
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